ISSN 2518-1491 (Online),
ISSN 2224-5286 (Print)

¥JITTBIK FbIJIBIM
AKAJEMHUSACBI» PKB

«KA3AKCTAH PECITYBJIMKACHI
YJITTBIK FBIJIBIM AKAJIEMUACHDy PKB

XABAPJJAPDBI
U3BECTUS NEWS

POO «HALIMOHAJILHOM OF THE ACADEMY OF SCIENCES
AKAJIEMNHN HAVK PECITYBJIMKHA OF THE REPUBLIC OF
KA3AXCTAH» KAZAKHSTAN

SERIES
CHEMISTRY AND TECHNOLOGY

1 (462)

JANUARY - MARCH 2025
PUBLISHED SINCE JANUARY 1947

PUBLISHED 4 TIMES A YEAR

ALMATY, NAS RK



Bac penakrop:

YKYPBIHOB Mypart JKypbIHyJIbI, XHMHS FBUIBIMAAPBIHBIH JOKTOPBI, podeccop, KP ¥FA axanemuri, PEK KP YFA
npesunenti, AK «/I.B. Cokonbckuit arsisgarsl OThIH, KaTaln3 jKOHE IEKTPOXUMHUS MHCTHTYTHIHBIH» 0ac TUPEKTOPBI
(Anmarsl, Kazakcran) https://www.scopus.com/authid/detail.uri?authorld=6602177960, https://www.webofscience.com/
wos/author/record/2017489

Penaknust ankacer:
O9JEKEHOB Cepra3sl Mpinxacapyiasl (0ac pemakTOpIblH OpbIHOAcapbl), XUMHS FBUIBIMIAPBIHBIH JIOKTOPBI,
npodeccop, KP YFA akagemuri, «®Puroxumusi» XalbIKapasblK FBUIBIMH-OHIIPICTIK XOJAMHTIHIH JHPEKTOPBI
(Kaparangsl, Kasaxcran) https://www.scopus.com/authid/detail.uri?authorld=7006153118, https://www.webofscience.
com/wos/author/record/48648658
ATABEKOB Buagumup EHoxoBuu (6ac peakTopbIH OpbIHOACAPbI), XUMUSI FBUIBIMIAPBIHBIH IOKTOPBI, Ipodeccop,
Benapycs ¥F A axanemuri, XKana matepuaniap XuMUsICbl HHCTUTYTBIHBIH KYpMeTTi qupektops! (MuHck, berapycs) https:/
www.scopus.com/authid/detail.uri?authorld=7004624845, https://www.webofscience.com/wos/author/record/28920574
CTPHA/l Mupocaas, npodeccop, Uexus FbUIBIM aKaJIEMUSICBIHBIH OKCIEPHMEHTTIK OOTaHHKA HWHCTUTYTHIHBIH
3eprxana MeHrepymici (Omomoyn, Yexwus) https:/www.scopus.com/authid/detail.uri?authorld=36789185000, https://
www.webofscience.com/wos/author/record/18379
BYPKITBAEB Myxam0eTKaiam, XuMusi FbUIBIMAAPBIHBIH JTOKTOPBI, mpodeccop, KP ¥FA akamemuri, (Asmarsl,
Kasakcran)https://www.scopus.com/authid/detail.uri?authorld=8513885600,https://www.webofscience.com/wos/author/
record/691218
XOXMAHH JIxynuT, Ceren yuusepcutetinig @apmanesruka daxynsretinin PapMakorHo3ust
kaeapachHBIH MeHrepymrici, JKapaTbulbICTaHy FBUIBIMIAPBIHBIH IIOHAPAIBIK OPTAIBIFBIHBIH aupekTopsl (Ceren,
Benrpust) https:/www.scopus.com/authid/detail.uri?authorld=7004457196, https://www.webofscience.com/wos/author/
record/15630788
POCC Camup, PhD, Muccucunu yHuBepcuTeTiHIH OCIMAIK OHIMACPIH FHUIBIMH 3epTTEY
YITTHIK opranbiFel, Papmanus mektebiHiH npodeccopsr (Oxchopa, AKII) https:/www.scopus.com/authid/detail.
uri?authorld=7401610128, https://www.webofscience.com/wos/author/record/47926269
XYTOPSHCKHWM Buranii, hprnocodus goxrops: (PhD, hapmariest), Pequur yuusepcuretinin mpodeccopst (Peumr,
Anrmust) https://www.scopus.com/authid/detail.uri?authorld=35606915700, https://www.webofscience.com/wos/author/
record/221621
TEJITAEB Barnar Bypxan6aiiy/ibl, TeXHHKa FRUTBIMIAPBIHBIH JOKTOPSI, mpodeccop, KP YA akanemuri, Kasakcran
Pecnyonukacel MHIycTpHs xkoHe HHPPaKYpBUIBIMIBIK JaMy MHHUCTpIIr (AnMarsl, Kasakcran https://www.scopus.com/
authid/detail.uri?authorld=6506225641), https://www.webofscience.com/wos/author/record/72161
DAPYK Acana Jlap, Xamaap anb-Mamkuaa LIbiFeic MeauIHa KOJUISDKiHIH podeccopbl, Xamaap yHUBEPCHTETIHIH
Isrpic Menuumaa dakyasreri (Kapaun, [Tokicran) https:/www.scopus.com/authid/detail.uri?authorld=55884056900,
https://www.webofscience.com/wos/author/record/1796996
DA3BIJIOB Cepik JIpaxmeTyJibl, XUMHS FBUIBIMIAPBIHBIH TOKTOPSBI, podeccop, KP ¥YFA axanemuri, OpraHukaibik
CHHTE3 JKOHE KOMIpP XMMUSIChI HHCTUTYTBI AMUPCKTOPBIHBIH FBUIBIMH JKYMBICTAp JKOHiHIeri opeiHOacapsl (KaparaHusl,
Kasakcran)https://www.scopus.com/authid/detail.uri?authorld=6701472056,https://www.webofscience.com/wos/author/
record/1541357
7KOPOBEKOBA Illapuna 7Kopo0eKKbI3bl, XHMHS FbUIBIMIAPBIHBIH JOKTOpBI, mpodeccop, Keipreizcran YFA
akanemuri, KP ¥F'A Xumus xoHe XUMHSUIBIK TexHOorus HHCTUTYTH (Bimkek, Kpipreizcran) https://www.scopus.com/
authid/detail.uri?authorld=6602652060, https://www.webofscience.com/wos/author/record/31723468
XAJIUKOB [I:xypabaii XaJIuKOBUY, XUMUSI FBUIBIMIAPBIHBIH JOKTOPEL, Tpodeccop, Taxkikcran FA
akanemuri, B.W. Hukurun areingarel Xumust uactutyTh (dymante, Toxikeran) https:/www.scopus.com/authid/detail.
uri?authorld=6603735641, https://www.webofscience.com/wos/author/record/9567106
DAP3AJIMEB Barng Memrkumonibl, XUMHs FbUIBIMIAPBIHBIH TOKTOpBI, mpodeccop, AYFA akamemuri (baxy,
O3ipoaiixkan)https:/ www.scopus.com/authid/detail.uri?authorld=6601962486,https://www.webofscience.com/wos/
author/record/21617033
TAPEJIUK Xempa, dunocodust moxroper (PhD, xumust), XanbIKapaiblK Ta3a jKoHE KOJIJaHOAIIbl XMMHUS OJaFbIHBIH
Xumusi JKkoHe Kopluaran opra OemimiHiH mnpesuaeHti (Jlonmon, Anmms) https:/www.scopus.com/authid/detail.
uri?authorld=56010090400, https://www.webofscience.com/wos/author/record/29866743

«KP ¥F'A Xa6apaapbl. XuMHs 5K9He TEXHOJIOTUsI CEPUSICHD»

ISSN 2518-1491 (Online),

ISSN 2224-5286 (Print)

Memmikrenyiui: «Ka3akcran PecrryOnukachiHblE YITTBIK FRUIBIM akagaemusicby PKB (Anmars! K. ).

AKnapar areHTTirinig Mep3imai 6acnaces OAachUIBIMBIH, aKIapaT ar¢HTTICIH JKOHE JKEeIUTIK OachUIBIMIbBI KaiiTa ecenke
koto Typansl KP Mozenuer »xoHe AKIapar MUHUCTPIIT «AKnapar KOMUTET» PecryOniKanblk MEMIICKETTIK MeKkeMeci
28.02.2025 :x. 6epren N°’KZ63VPY00113743 Kyaumik.

TaKbIPBINTHIK OAFBITBI: XUMLUS JCIHE XUMUSIBIK MEXHOLOUS

Mep3iMaIiiiri: )KbeUIbIHA 4 peT.

http://chemistry-technology.kz/index.php/en/arhiv

© Kazakcran PecriyOnukaceiHbIH ¥ ITTHIK FbUTbIM akagemusicsl PKB, 2025

2



I'naBHbII pepaxkTop:

KYPUHOB Mypar )KypnHoBHY, TOKTOp XMMHYECKHX Hayk, mpodeccop, akamzemuk HAH PK, mpesunent POO
HauunonanbHoii akanemuun Hayk PecrmyOmukm Kazaxcran, reHepanbHblii aupektop AO «MHCTHUTYT TOIUIMBA, Ka-
Tanu3za u onektpoxumun uM. J[.B. Cokonbckoro» (Anmatei, Kaszaxcran), https://www.scopus.com/authid/detail.
uri?authorld=6602177960, https://www.webofscience.com/wos/author/record/2017489

Pepaknmonnast KoJuerus:
AJIEKEHOB Cepra3spl MbIH:kacapoBH4 (3aMECTHTENb TIIABHOTO PEIaKTOpa), JOKTOP XUMHYECKUX HAayK, Ipodeccop,
akanemuk HAH PK, mupexrop MexayHapoJHOro Hay4HO-IIPOM3BOACTBEHHOTrO Xouannra «Pduroxumus» (Kaparanna,
Kazaxcran), https://www.scopus.com/authid/detail.uri?authorld=7006153118, https://www.webofscience.com/wos/
author/record/48648658
AT'ABEKOB Baagumup EHokoBHY (3aMecTHTENb TIIABHOTO PEIaKTOPa), JOKTOP XUMUYECKHUX HayK, mpodeccop, aka-
nemuk HAH Benapycu, nouetHsnii qupektop MHCTHTyTa XHMHH HOBBIX MatepuaioB (MuHck, bemapycs), https://www.
scopus.com/authid/detail.uri?authorld=7004624845, https://www.webofscience.com/wos/author/record/28920574
CTPHA/I Mupocaas, npodeccop, 3aBeayOIuii JabopaTopueil HHCTUTyTa DKCIIEPUMEHTAIBHON O0TaHNKH Yemckoi
akazemun Hayk (Onomoyu, Yexwus), https://www.scopus.com/authid/detail.uri?authorld=36789185000, https://www.
webofscience.com/wos/author/record/18379
BYPKUTBAEB Myxam0erkaJju, JOKTOp XUMHYECKHX Hayk, mpodeccop, akagemuk HAH PK, (Anmarel, Kazax-
craH), https://www.scopus.com/authid/detail.uri?authorld=8513885600, https://www.webofscience.com/wos/author/
record/691218
XOXMAHH [IxxyanT, 3aBenyromuii kadenpoit ®apmakornosnn dapmaneBTuueckoro (axyiabrera YHHBEPCHTETA
Cerena, aupexTop MexIMCIUIUIMHAPHOTO LeHTpa ectecTBeHHbIX Hayk (Ceren, Benrpus), https://www.scopus.com/
authid/detail.uri?authorld=7004457196, https://www.webofscience.com/wos/author/record/15630788
POCC Camup, PhD, npodeccop Ilkoner dDapmanyy HAIMOHAIBHOTO LIEHTPAa HAYYHBIX MCCIEIOBAaHUI pac-
TUTENIBHBIX NPOAYKTOB YHuBepcureta Muccucnmu (Oxcdopa, CIHA), https://www.scopus.com/authid/detail.
uri?authorld=7401610128, https://www.webofscience.com/wos/author/record/47926269
XYTOPSTHCKHUM Buramuii, joxrop dunocopun (Ph.D, papmanert), npodeccop Yrupepcurera Penunra (Peaunr,
Awnrmusi),  https://www.scopus.com/authid/detail.uri?authorld=35606915700,  https://www.webofscience.com/wos/
author/record/221621
TEJIBTAEB Baraat Bypxan6aiiy/ibl, TOKTOp TeXHUYECKUX HaykK, npodeccop, akanemuk HAH PK, Munucrepctso
Wunycrpun n nudpactpykrypHoro paszsurtus Pecriyomnku Kazaxcran (Anmarsl, Kasaxcran), https:/www.scopus.com/
authid/detail.uri?authorld=6506225641, https://www.webofscience.com/wos/author/record/72161
DAPYK Axcana J[lap, mpodeccop komremka Bocrounoit Mmemumuubl Xamuaapia anb-Mapkuna, (axyibrer
Bocrounoii wmemuuumnbl yHuBepcutera Xampapaa (Kapaum, Ilakucran), https://www.scopus.com/authid/detail.
uri?authorld=55884056900, https://www.webofscience.com/wos/author/record/1796996
DA3BIJIOB Cepuk [IpaxmeToBuy, JOKTOp XMMHUYECKUX Hayk, mpodeccop, akanemuk HAH PK, 3amecturens nu-
peKTopa o HaydHo! pabore MHcTHTyTa OpraHmdeckoro cuuresa u yriaexumun (Kaparanna, Kazaxcran), https://www.
scopus.com/authid/detail.uri?authorld=6701472056, https://www.webofscience.com/wos/author/record/1541357
7KOPOBEKOBA Illapuna ’Kopo0ekoBHa, JOKTOp XHMHYECKHX HayK, mpodeccop, akanemunk HAH Ksipreiscrana,
Wucrutyt xumun 1 xumudeckoit texuonornn HAH KP (bumikek, Keipreiscran), https://www.scopus.com/authid/detail.
uri?authorld=6602652060, https://www.webofscience.com/wos/author/record/31723468
XAJIUKOB /l:xxypabaii XaJMKoBHMY, JTOKTOP XMMHYECKUX HayK, mpodeccop, akaaemuk AH Tamxukucrana, Vn-
ctutyt xumuu uMenn B.M. Huxutmna AH PT ([lymanGe, Tamxukucran), https:/www.scopus.com/authid/detail.
uri?authorld=6603735641, https://www.webofscience.com/wos/author/record/9567106
DAP3AJIMEB Barng Mexkua oribl, JOKTOp XUMHUYECKUX Hayk, npodeccop, akagemuk HAHA (Baky, A3ep6aiin-
xaH), https://www.scopus.com/authid/detail.uri?authorld=6601962486, https://www.webofscience.com/wos/author/
record/21617033
TAPEJIMK Xempaa, nokrop ¢unocoduu (Ph.D, xumus), npesunent Otnena XUMHU U OKpYXKaromei cpeasl Mex-
JIYHapOJHOTO CO03a YHCTOM M mnpukiaagHoil xumun (JlonmoH, Awnrmms), https:/www.scopus.com/authid/detail.
uri?authorld=56010090400, https://www.webofscience.com/wos/author/record/29866743

«H3Bectust HAH PK. Cepusi XuMUH M TEXHOJIOT M.
ISSN 2518-1491 (Online),
ISSN 2224-5286 (Print)
CobOctBennuk: PecnyOnmkanckoe obmectBeHHOe oObennHenne «HammonambHas akajgemust Hayk — PecmyOmuxu
Kazaxcran» (r. Anmarsr).
CeunerensctBo  NeKZ63VPY00113743 o0 1OBTOPHOI  perucTpaniii  IEPHOJMYECKOrO  IIEYaTHOTO  U3JaHHs
nH(POPMALIMOHHOTO areHTCTBA, MH(MOPMALMOHHOTO areHTCTBA M CETEBOr0 M3JaHMs, BblIaHHOE PecryOnukaHCKHM
rocynapcTBeHHBIM yupexkaenneM «Kommurer mudopmanum» MuHHCTEpCTBa KyIbTyphl U HH(opManuu PecryOmuxu
Kasaxcran 28.02.2025 r.
Temarudeckast HAIPABIEHHOCTD: XUMUA U XUMUYECKUE MEXHON02UU
IepnoanunocTh: 4 pasa B rof.
http://chemistry-technology.kz/index.php/en/arhiv

© POO HauuonanbHas akagemust Hayk Pecniyonuku Kazaxcran, 2025

3



Editor in chief:
ZHURINOYV Murat Zhurinovich, doctor of chemistry, professor, academician of NAS RK, President of NAS RK RPA,
general director of JSC “D.V. Sokolsky Institute of fuel, catalysis and electrochemistry (Almaty, Kazakhstan) https://www.
scopus.com/authid/detail.uri?authorld=6602177960, https://www.webofscience.com/wos/author/record/2017489
Editorial board:
ADEKENOYV Sergazy Mynzhasarovich (deputy editor-in-chief) doctor of chemical sciences, professor, academician
of NAS RK, director of the International Scientific and Production Holding «Phytochemistry» (Karaganda, Kazakhstan)
https://www.scopus.com/authid/detail.uri?authorld=7006153118,https://www.webofscience.com/wos/author/
record/48648658
AGABEKOYV Vladimir Enokovich (deputy editor-in-chief), doctor of chemistry, professor, academician of NAS of
Belarus, honorary director of the Institute of Chemistry of new materials (Minsk, Belarus) https://www.scopus.com/
authid/detail.uri?authorld=7004624845, https://www.webofscience.com/wos/author/record/28920574
STRNAD Miroslav, head of the laboratory of the Institute of Experimental Botany of the Czech Academy of Sciences,
professor (Olomouc, Czech Republic) https://www.scopus.com/authid/detail.uri?authorld=36789185000, https://www.
webofscience.com/wos/author/record/18379
BURKITBAYEYV Mukhambetkali, doctor of chemistry, professor, academician of NAS RK, (Almaty, Kazakhstan) https://
www.scopus.com/authid/detail.uri?authorld=8513885600,https://www.webofscience.com/wos/author/record/691218
HOHMANN Judith, head of the department of pharmacognosy, faculty of Pharmacy, University of Szeged,
director of the interdisciplinary center for Life sciences (Szeged, Hungary) https://www.scopus.com/authid/detail.
uri?authorld=7004457196, https://www.webofscience.com/wos/author/record/15630788
ROSS Samir, Ph.D, professor, school of Pharmacy, National Center for scientific research of Herbal Products, University of
Mississippi (Oxford, USA) https://www.scopus.com/authid/detail.uri?authorld=7401610128, https://www.webofscience.
com/wos/author/record/47926269
KHUTORYANSKY Vitaly, Ph.D, pharmacist, professor at the University of Reading (Reading, England) https://www.
scopus.com/authid/detail.uri?authorld=35606915700, https://www.webofscience.com/wos/author/record/221621
TELTAYEV Bagdat Burkhanbayuly, doctor of technical sciences, professor, academician of NAS RK, Ministry of
Industry and infrastructure development of the Republic of Kazakhstan (Almaty, Kazakhstan) https://www.scopus.com/
authid/detail.uri?authorld=6506225641, https://www.webofscience.com/wos/author/record/72161
PHARUK Asana Dar, professor at Hamdard al-Majid college of Oriental medicine, faculty of Oriental medicine,
Hamdard University (Karachi, Pakistan) https://www.scopus.com/authid/detail.uri?authorld=55884056900, https://www.
webofscience.com/wos/author/record/1796996
FAZYLOV Serik Drakhmetovich, doctor of chemistry, professor, academician of NAS RK, deputy director of the
Institute of Organic Synthesis and Coal Chemistry (Karaganda, Kazakhstan) https://www.scopus.com/authid/detail.
uri?authorld=6701472056, https://www.webofscience.com/wos/author/record/1541357
ZHOROBEKOVA Sharipa Zhorobekovna, doctor of chemistry, professor, academician of NAS of Kyrgyzstan,
Institute of Chemistry and chemical technology of NAS KR (Bishkek, Kyrgyzstan) https://www.scopus.com/authid/detail.
uri?authorld=6602652060, https://www.webofscience.com/wos/author/record/31723468
KHALIKOY Jurabay Khalikovich, doctor of chemistry, professor, academician of the Academy of Sciences of Tajikistan,
V.I. Nikitin Institute of Chemistry AS RT (Tajikistan) https://www.scopus.com/authid/detail.uri?authorld=6603735641,
https://www.webofscience.com/wos/author/record/9567106
FARZALIEYV Vagif Medzhid ogly, doctor of chemistry, professor, academician of NAS of Azerbaijan (Azerbaijan) https://
www.scopus.com/authid/detail.uri?authorld=6601962486, https://www.webofscience.com/wos/author/record/21617033
GARELIK Hemda, PhD in chemistry, president of the department of Chemistry and Environment of the International Union
of Pure and Applied Chemistry (London, England) https://www.scopus.com/authid/detail.uri?authorld=56010090400,
https://www.webofscience.com/wos/author/record/29866743

News of the National Academy of Sciences of the Republic of Kazakhstan. Series of chemistry and technology.
ISSN 2518-1491 (Online),
ISSN 2224-5286 (Print)
Owner: RPA «National Academy of Sciences of the Republic of Kazakhstan» (Almaty).
The certificate of registration of a periodical printed publication in the Committee of Information of the Ministry of
Information and Social Development of the Republic of Kazakhstan No. KZ66VPY00025419, issued 29.07.2020.
Thematic scope: organic chemistry, inorganic chemistry, catalysis, electrochemistry and corrosion, pharmaceutical
chemistry and technology.
Periodicity: 4 times a year.
Editorial address: 28, Shevchenko str., of. 219, Almaty, 050010, tel. 272-13-19
http://chemistry-technology.kz/index.php/en/arhiv

© National Academy of Sciences of the Republic of Kazakhstan, 2025

4



OF THE NATIONAL ACADEMY OF SCIENCES OF THE REPUBLIC OF KAZAKHSTAN

NEWS

OF THE NATIONAL ACADEMY OF SCIENCES OF THE REPUBLIC OF KAZAKHSTAN
SERIES CHEMISTRY AND TECHNOLOGY

ISSN 2224-5286

Volume 1. Number 462 (2025), 94-103

https:/7doi.org/10.32014/2025.2518-1491.269
UDC: 541.18

N.B. Kassenova'", R. Sh. Erkassov?, N.N. Nurmukhanbetova',
S.K. Makhanova', G.K. Bekishova', 2025.
'Kokshetau University named after Sh. Ualikhanov, Kokshetau, Kazakhstan;
2 Eurasian National University named after L.N.Gumilyov, Astana, Kazakhstan.
E-mail: nazira09 83@mail.ru

THE INVESTIGATION OF SPIN-CROSSOVER IN TETRANUCLEAR IRON
(I COMPLEXES BY MAGNETIC MEASUREMENTS

Kassenova Nazira Bazarbayevna — PhD, assistant professor of the Department of Chemistry and
Biotechnology, NJSC «Kokshetau University named after Sh.Ualikhanov», Kokshetau, Kazakhstan,
E-mail: nazira09 83@mail.ru, https://orcid.org/0000-0002-0570-1784;

Erkassov Rakhmetulla Sharapidenovich — Doctor of Chemical Sciences, Professor of the Department
of Chemistry, L.N. Gumilyov Eurasian National University, Astana, Kazakhstan, E-mail: erkass@mail.ru,
https://orcid.org/ 0000-0001-51488147;

Nurmukhanbetova Nurgul Nurkenkyzy — Candidate of Chemical Sciences, Associate Professor of the
Department of Chemistry and Biotechnology, Head of the Department of Chemistry and Biotechnology of
NJSC «Kokshetau University named after Sh.Ualikhanov», Kokshetau, Kazakhstan, E-mail: nn_nurgul@
mail.ru, https://orcid.org/0000-0002-0595-3535;

Makhanova Saule Kordabayevna — PhD, Associate Professor of the Department of Chemistry and
Biotechnology, NJSC «Kokshetau University named after Sh.Ualikhanov», Kokshetau, Kazakhstan,
E-mail: saulemach@mail.ru, https://orcid.org/0000-0001-9084-348X;

Bekishova Gulden Kairbekovna — Master of Agronomy, Senior Lecturer, Department of Agriculture and
Bioresources, NJSC «Kokshetau University named after Sh.Ualikhanov», Kokshetau, Kazakhstan, E-mail:
gulden-kaz@mail.ru, https://orcid.org/0000-0003-4387-5483.

Abstract. The synthesis of iron (II) tetrahedral complexes was carried out under
carefully controlled conditions, using precisely selected chemical reagents and specific
reaction parameters. After completing the synthesis, the structural integrity of the
complexes was confirmed through elemental analysis, which verified the presence of
the main elements in the crystals, ensuring the accuracy of the synthesis and confirming
the desired composition of the obtained compounds.

Following the synthesis, a series of magnetic measurements was performed on the
monocrystalline samples to study their magnetic properties in detail. These measurements
were particularly focused on investigating the spin crossover behavior, which is an
important phenomenon that occurs in iron (II) complexes. This transition between low-
spin and high-spin states under varying external conditions, such as temperature, plays
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a key role in defining the magnetic properties of the compounds. The development of
a detailed methodology for optimizing the synthesis conditions was a crucial part of
the research. It allowed for the production of complexes with high purity and yield,
ensuring reliable and reproducible results in subsequent measurements and studies.

Moreover, the impact of temperature changes on the spin crossover process was
thoroughly investigated. The findings demonstrated that temperature significantly
influences the spin states of the complexes, which is critical for practical applications.
These results could have implications for the design of new materials with tunable
magnetic properties, particularly in fields such as molecular electronics and spintronic
devices.

Keywords: iron (II) complexes, magnetic measurements, spin -Crossover.
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AnHoTanus. Makajnaga MarHuTTIiK eJieynep 9aici apkbuisl 3eprrenren temip (I1)
HETi31HJeT1 TOPTAAPOIBI KeIIeHAePIiH MOHOKPHCTAIIAPBIH a1y HOTHKeJIepi YChIHBUIABL.
Kemennepain KypaMbIHIaFbl HET13T1 2JIEMEHTTEPAl aHbIKTAY YIIiH JIEMEHTTIK Tanjay
XKYPri3iiin, onapaslH cuHTe3 canackl pactanisl. CHHTE3 IPOLECi YIIIiH apHalbl 9icTeMe
ozipnenin, Temipaiy (II) TepTsampossl KemengepiH amy OapbIChIHAA KOJIAAHBUIATHIH
ONITUMAJIbJIbI LIAPTTAP aHBIKTAJIbI, OYJI KeIeHAEPIiH KPUCTAILT CallachlH JKaKcapTyFa
YKOHE ONapblH (PU3UKAJIBIK-XUMISITBIK KACHETTEpiH OaKpliayFa MyMKIHIIK Oep/i.

3eprrey OapbIchblHIA epeKile Hazap KeIleHAEPIiH TeMIepaTypajblK e3repicrepre
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KaTBICTBI KACUETTEPiHE ayJapblIibl, aTan alTKaHa, CIIMH-KPOCCOBEPIIIK aybICYyIapAbIH
TeMIepaTypara TOyeJIimiri 3eprresngi. TemmeparypaHblH apTybl HeMmece Kemyi
KEIICHAEPIiH CIHMH-KPOCCOBEpiHE elNeyi ocep eTETiHI aHBIKTalIbl, OyJl OJapAbIH
MarHUTTIK KacHETTepiHe acep ereli. byn KyObUIbICTapAblH 3epTTelyi KelleHIEpIiH
KYPBUTBIMABIK >KOHE DJICKTPOHABIK €PEKILENIKTEepiH TEePEeHIpeK TYCiHyre MyMKiHIIK
Oepai, coHnmaii-ak onmapablH OojamiakTa MarHMUTTIK MaTepHaljap MEH CIHHTPOHHKA
caslajapblH/a MPAKTUKAJIBIK KOJIIAaHy MYMKIHAIKTEpPiH 3epTTeyre Heri3 O0onaabl.
Artanran HoTwkenep TteMipAiH (II) TepTsapornsl KemeHAEPiHIH KYpbUIBIMABIK,
MarHUTTIK XOHE TEPMOAUHAMHUKAIBIK KACHETTEPiH KEHIHEH 3epTTEyre KOJ allbll,
oJapbIH GYHKIHOHAIABIK MYMKIHAIKTEPiH KOJIIaHy IepPCIIeKTHBAIapblH KOPCETEI].
Tyiiin ce3nep: temip (II) kemennepi, MarHUTTIK MLIEYIEP, CHMH-KPOCCOBED.
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AnHotamms. IlpencraBneHsl pe3yabTaThl CHHTE3a TETpasAEpHBIX KOMIUIEKCOB
xenesa (1), mpoBeaEHHOTO C HCIONB30BaHNEM TIIATEIBHO MOJ0OPaHHBIX XUMUUECKUX
peareHToB M crequPUIECKUX YCIOBHH PEaKLUUH, YTO 00ECIIeUnIO BBICOKOE KadyeCTBO
MoJy4aeMbIX MpOAyKTOB. Ilocre 3aBepiieHust cuHTe3a Oblla MPOBEAEHA CepHs
MarHUTHBIX U3MEPEHUH Ha MOHOKpHCTANIaX, YTO MO3BOJIMIIO JETAbHO MCCIEN0BATh
WX MarHuTHele cBoiicTBa. Oco0oe BHHMaHME OBLIO YIAENEHO CIHUH-KPOCCOBEPY —
BaXHOMY (peHOMEHY, KOTOPBIH XapaKTepH3YyeT MEepexoA MEeXIy HU3KOCIHUHOBBIMHU H
BBICOKOCITMHOBBIMH COCTOSIHUSIMH B 3aBUCHMOCTH OT BHELIHHX (DaKTOPOB, TaKHUX Kak
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TeMIeparypa. ITOT Hepexo/] ABISETCS KIIOYEBBIM acCleKTOM B MOHUMAaHUM MarHUTHBIX
XapaKTEPUCTHK UCCIENyEMBIX COETUHEHHH.

Jnsi mOATBEp)KACHUS COCTaBa CHUHTE3MPOBAHHBIX KOMIUIEKCOB OBIIT MPOBEAEH
JIEMEHTHBIN aHalln3, KOTOPBIA MOATBEPAMISI HAJIWYHE BCEX OCHOBHBIX JJIEMEHTOB U
MPaBWJIBHOCTh CHHTE3a. JTO Jaj0 BO3MOXHOCTh YIOCTOBEPHUTHCS B COOTBETCTBUHU
MOJTYYEeHHBIX COCOMHEHUH OKUAAEMBIM CTPYKTYpaM M 00€CHEeYUTb BBICOKYIO
JOCTOBEPHOCTD IMOJTYYEHHBIX pe3ynbraTtoB. OMHON M3 3HAUUTEIbHBIX YacTei paboThl
cTaja pa3paboTKa METOOMKH CHHTE3a, KOTOpas BKIIOYala ONTHMHU3ALUIO YCIOBHN
JUI TIONYYeHUs] TeTpasiiepHblx KomruiekcoB xkene3a (II). Brmaromaps stomy Obina
JOCTUTHYTA BBICOKAsl CTENEHb YUCTOTHI M 3()(HEKTUBHOCTD MpoILecca, YTo 00eCneyrio
BOCIIPOM3BOJIUMOCTD PE3YJIBTATOB.

JononHuTenbHO OBIJIO HMCCIIEAOBAHO BIMSAHWE TEMIIEPAaTypbl Ha IMPOLECC CIHH-
KpOCCOBEpa, 4TO MO3BOJMJIO BBIIBUTH 3HAUMTEIBHOE BO3JEHCTBHE TeMIIEpaTypHBIX
W3MEHEHUI Ha CIIMHOBBIE COCTOSHMSA. DTO MMEET OOJbIIoe 3HAYCHUE ISl pa3paboTKu
HOBBIX MaTepuasioB C PETyIHPYEeMbIMA MarHUTHBIMH CBOWHCTBaMH, YTO MOXKET HAWUTH
MPUMEHEHUE B TEPEIOBbIX TEXHOJOTHSX, TAKMX KaK CIMHTPOHHMKA M MOJCKYJISpHas
JIEKTPOHUKA.

KiroueBble cioBa: xomruiekcel kene3a (II), MarHuTHblE W3MepeHHs, CIHH-
KpOCCOBEP.

Introduction. Spin crossover (SCO) is a magnetic property of molecular and
extended solids that can be observed for some compounds of d *-d 7 transition metal
ions. These ions can adopt electron configurations with different numbers of unpaired
electrons; hence their compounds can undergo SCO between a low spin (LS) and a
high spin (HS) state under external stimuli such as a change in temperature or pressure
or photoexcitation. Cooperativity may lead to bistability in SCO materials, which is
especially appealing for applications in information storage. The quest for materials
useful for such applications explains the extensive research carried out on SCO
complexes over the last half a century. These research efforts have been dominated by
studies of Fe (II) complexes, which account for ~90% of known SCO compounds
(Cambi, et al.,1931).

It was only in the early 1960s, about three decades after Cambi’s discovery of the
first spin state interconversion in iron (III) complexes, that the SCO phenomenon
was reported to occur also in iron (II) compounds. The first SCO compounds of
iron (IT) described in the literature are [Fe(phen),X,] (phen = 1,10-phenanthroline;
X = NCS, NCSe), frequently called the “classical” iron (II) SCO complexes.
Extensive research activities began thereafter in this area, particularly favored by
the discovery of the Mossbauer effect (recoilless nuclear resonance absorption)
by Rudolf L. Mdssbauer at nearly the same time. This nuclear resonance effect
formed the basis for the development of a new spectroscopic technique, Mossbauer
spectroscopy, for the detection of hyperfine interactions, which turned out to be
extremely powerful for the characterization of iron-containing substances (Giitlich
, etal., 2012; Giitlich, et al., 2013).
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SCO occurs mainly for six-coordinate iron (II) compounds involving the
change of electron configuration t2g"eg° (lAlg, LS) & tzg“eg2 (5T2g, HS). Many review
articles describing the preparation, structure, chemical, and physical properties of
SCO systems of iron (II) have appeared in the literature. Most iron (II) SCO systems
possess an [FeN_] coordination center (Halcrow, et al., 2013; Nihei, et al., 2008; Li,
etal., 2011).

For many years, scientists have been intrigued by the magnetic characteristics
of many substances and materials. It became evident at the start of the 20th century
that these characteristics are the result of coordinated actions at the atomic and
molecular levels. The origin of magnetism and the nature of the chemical bond become
intrinsically intertwined with the advancement of quantum mechanics. It became clear
that the item under study’s magnetic properties depended on the fine structure’s crystal
chemistry peculiarities in the vicinity of atoms with unpaired electrons. This indicates
that before X-ray diffraction analysis became popularity among researchers, the study
of magnetic characteristics developed into a potent method for learning about the
structure of inorganic substances. Scientists and chemists worked together to create
magnetochemistry, a unique area of inorganic and coordination chemistry that has
produced a wealth of information on the connection between an object’s structure and
magnetic characteristics (Weber, et al., 2010; Hilfiger et al., 2010).

Molecular magnetism is a new frontier in magnetochemical research that emerged
from the utilization of magneto-structural correlations mainly for analytical reasons
to the potential to create materials with specified magnetic characteristics. Significant
progress has been made in this area during the last few decades. Molecular organic
ferromagnets emerged, spin-crossover phenomenon was discovered, and investigations
into spintronics and molecular electronics objects were conducted (Oshio, et al., 2000;
Oshio, et al., 2003).

In the field of molecular bistability, spin-crossover (SCO) has been the subject
of much investigation since it was first discovered in 1930 (Anderegg, et al.,1967).
This phenomenon is a changeover between two electronic structures with different
spin states. Ninety percent of known spin-crossover materials are iron (II) complexes.
Complexes comprising d*-d’ transition metal ions now show differences between
low-spin (LS) and high-spin (HS) electronic configurations (Tyeklar, et al.,1993). In
these complexes, donor ligands containing nitrogen are commonly included in the
coordination environment around the iron (II) ion, creating an intermediate ligand field
that is favorable for spin-crossover processes. Variations in pressure, temperature, or
photoexcitation can all cause spin transitions (Shatruk, et al., 2007).

Since the spin transition entails a change in the number of unpaired electrons—which
is particularly noticeable in the case of iron (II) with its four unpaired electrons, where
the low-spin (LS) state displays diamagnetism and the high-spin (HS) state displays
paramagnetism - the main technique for describing spin-crossover (SCO) compounds
is always to measure the magnetic susceptibility as a function of temperature, or  (T).

In the liquid state, for example, the Evans NMR approach is frequently used; in the
solid state, superconducting quantum interference sensors (SQUID, Superconducting
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Quantum Interference Device) or the Faraday method are usually used. Palacio and
associates offer a thorough synopsis of the techniques utilized in magnetochemistry
(Hilfiger, et al., 2010).

The technique depends on determining the proportionate relationship between the
sample’s susceptibility and the fraction of the material in the high-spin state in order to
generate the spin-transition curve. But it’s important to understand that whereas the spin
transfer is a property unique to individual molecules, magnetism applies to the entire
bulk material. The presence of a spin transition cannot be established only by a change
in magnetism (Berlinguette, et al.,2005). The complexes {[Fe(tpma)(u-CN)],} X, are
the focus of the study, where X = C10,— (1a), BF,— (1b); tpma = tris(2-pyridylmethyl)-
amine. The {Fe(tpma)}** building block was reacted with (Bu,N)CN to create these
complexes (Figure 1).

Figure 1.Ligands: A - Tris — (2-pyridylmethyl)amine (tpma); B - Tetrabutylammonium cyanide

The effective basis for inducing spin-crossover (SCO) in iron (II) complexes is
provided by this combination of ligands. The spin-crossover transition in the studied
complexes was the main focus of the investigation.

Materials and methods. The reactions were carried out using Schlenk’s standard
procedures in an inert nitrogen environment. Every reagent was purchased from
Aldrich and used exactly as it was intended.

The synthesis of the complex {[Fe(tpma)(u-CN)],}(ClO,), (1a) was carried out
as follows: Four milliliters of methanol (MeOH) were used to dissolve a mixture of
Fe(ClO,),"6H,O (0.168 g, 0.46 mmol) and tpma (0.134 g, 0.46 mmol). The resulting
transparent yellow solution was added to a solution of (Bu,N)CN (0.124 g, 0.46 mmol)
in 4 ml MeOH gradually while stirring. The solution quickly took on a rich crimson
hue and began to precipitate orange material. The mixture was kept undisturbed for 30
minutes after the reagent addition was finished, after stirring it for 20 minutes. After
filtering and vacuum-drying the orange precipitate, 0.118 g of the compound—or a 55%
yield—were obtained.

Elemental analysis: calculated for Fe,C1,0 N, C H. - (1a:2H20), %: C- 47.48
(47.44); H-3.98 (4.13); N - 14.57 (14.28).

{[Fe(tpma)(u-CN)],}(BF,), (Ib): The synthesis of complex 1b adhered to the
procedure outlined for la, utilizing Fe(BF,),-6H,0 (0.206 g, 0.610 mmol), tpma (0.177
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g, 0.610 mmol), and (Bu,N)CN (0.164 g, 0.610 mmol) as reagents. The resulting
compound yield was 0.144 g (51%).

Elemental analysis produced the subsequent values for FeF ON, C BH,,
(Ib-5H,0), %: C - 47.39 (calculated 47.45); H - 4.29 (calculated 4.13); N - 14.54
(calculated 14.50).

Magnetic Measurements.

A Superconducting Quantum Interference Device (SQUID)-equipped Quantum
Design magnetometer (MPMS-XL) was employed to measure the magnetic susceptibility
of polycrystalline materials, focusing on a series of tetranuclear iron (II) complexes.
The susceptibility was measured across a wide temperature range from 1.8 to 300 K,
using a constant magnetic field of 0.1 T. This range allows the detection of temperature-
dependent phenomena, such as spin crossover behavior, which are key to understanding
the magnetic properties of these materials. Diamagnetic corrections were applied to the
collected data by subtracting diamagnetic adjustments derived from standard tabular
values, which is essential for ensuring the accuracy and clarity of the magnetic results
(Boldog, et al., 2009).

Results and discussion. The study focused on the synthesis of tetranuclear iron
(IT) complexes, denoted as {[Fe(tpma)(u-CN)],} X, , where “tpma” stands for tris(2-
pyridylmethyl)amine, a tetradentate ligand that stabilizes the iron centers. These
complexes were synthesized by adding the tpma ligand to a prepared cyanide fragment,
(Bu4N)CN, resulting in the formation of stable tetranuclear structures. The use of a
single blocking ligand, tpma, allowed for a controlled assembly of the iron centers,
forming the desired polynuclear complexes in crystalline form. Two distinct complexes
were studied in detail: {[Fe(tpma)(n-CN)],}(CIO,), (denoted as 1a) and {[Fe(tpma)(u-
CN)],}(BF,), (denoted as 1b).

Magnetic Properties. The magnetic properties of these complexes were thoroughly
investigated through detailed magnetic susceptibility measurements, which were
performed to gain a comprehensive understanding of the magnetic behavior of the
complexes across arange of temperatures. These measurements are crucial for identifying
how the complexes respond to temperature variations, providing critical insight into
phenomena such as spin crossover—a thermally induced transition between low-spin
and high-spin states. This transition is particularly significant in iron (II) complexes,
where the spin state can dramatically impact the electronic and magnetic properties of
the material.

For this study, dry powder samples of two specific complexes, designated as 1a and
1b, were carefully prepared and subjected to these magnetic susceptibility measurements.
The experimental data obtained are presented in Figure 2, illustrating the temperature-
dependent behavior of two essential parameters: T, which denotes the product of the
molar magnetic susceptibility and the absolute temperature, and yBC, a parameter
specifically related to the dynamics of the spin crossover process. These parameters are
invaluable for interpreting the magnetic behavior of the complexes, providing direct
evidence of the changes in spin states of the iron centers in response to temperature
variations.
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At low temperatures, the results reveal that the complexes predominantly exist in a
low-spin state configuration, which is characterized by relatively low T values. This
indicates that the unpaired electrons in the iron centers are minimized, leading to weaker
overall magnetic interactions. As the temperature increases, a noticeable spin crossover
is observed, shifting the complexes towards high-spin states. This transition is marked
by a gradual increase in T values, reflecting the enhancement of magnetic interactions
due to the higher number of unpaired electrons in the high-spin state. The observed
behavior suggests a gradual and continuous spin crossover, which is a common feature
in polynuclear iron (II) complexes, where the cooperative effects between iron centers
play a significant role in determining the magnetic properties.
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Figure 2. The temperature variation of T and yBC for 1a and 1b complexes, recorded in a consistent
magnetic field of 0.1 T.

The spin-crossover (SCO) for the aqueous samples la and 1b is more sudden and
virtually complete in the case of the former compound, according to the study of the ¥T
vs. T curves. Below 100 K, its T value approaches a plateau of [10.5 emu K mol™'. On
the other hand, below 70 K, the aqueous sample 1b’s ¥T value approaches a plateau of
around 1.2 emu K mol™', suggesting that a considerable amount of the N -coordinated
Fe (II) ions stay in the high-spin (HS) state even at low temperatures. The behavior
of dry samples differs significantly, with the spin-crossover being considerably more
gradual and incomplete at both high and low temperatures. For both 1a and 1b, the dry
sample’s residual low-temperature percentage of HS ions is greater than the watery
sample’s (Shatruk, et al., 2009; Hietsoi, et al., 2014; Kassenova, et al., 2014; Kassenova,
etal., 2014).

Conclusions. The first known example of homoleptically-capped tetranuclear CN-
bridged Fe (II) complexes that exhibit spin-crossover behavior is the {[(tpma)Fe(u-
CN)],} X, series, where X can be ClO,” (1a) or BF,” (1b). Interestingly, unlike typical
dry samples of spin-crossover (SCO) Fe (II) compounds that usually display more
abrupt transitions compared to their solvent-covered counterparts, these complexes
demonstrate the opposite behavior, with more gradual transitions. This unexpected
result may be attributed to the crystallinity of the samples, which could influence
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the spin-crossover process. The study highlights the importance of investigating the
magnetic properties of such materials in both their dry and mother liquor forms to fully
understand their behavior. This distinction could provide insights into designing and
optimizing materials for applications in fields where spin-crossover behavior is critical,
such as molecular switches or memory storage devices.
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